Entanglement distribution for a practical quantum-dot-based quantum processor architecture 
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We propose a quantum dot architecture for enabling universal quantum information processing. Quantum 
registers, consisting of arrays of vertically stacked self-assembled semiconductor quantum dots, are connected 
by chains of in-plane self-assembled dots. We propose an entanglement distributor, a device for producing and 
distributing maximally entangled qubits on demand, communicated through in-plane dot chains. This enables 
the transmission of entanglement to spatially separated register stacks, providing a resource for the realisation 
of a sizeable quantum processor built from coupled register stacks of practical size. Our entanglement dis- 
tributor could be integrated into many of the present proposals for self-assembled quantum dot-based quantum 
computation. Our device exploits the properties of simple, relatively short, spin-chains and does not require 
microcavities. Utilizing the properties of self-assembled quantum dots, after distribution the entanglement can 
be mapped into relatively long lived spin qubits and purified, providing a flexible, distributed, off-line resource. 

PACS numbers: 03.67.Lx,78.67.Hc,85.35.-p,03.67.-a 



I. INTRODUCTION 

It is now well known that information technology (IT) that 
processes information according to quantum rules could have 
security and computational advantages over conventional IT. 
Over the last decade there have been a great many proposals 
for the building blocks of such new technology — how to re- 
alise qubits and do gates between them — and the emergence 
of promising experimental results for many of these proposals. 
The next steps towards useful QIT are further experimental 
investigations, and theoretical considerations of outstanding 
practical issues. The work we present here is of the latter vari- 
ety, showing how to distribute entanglement and thus connect 
together small quantum dot (QD) registers, of realistic size, to 
enable a larger, useful, quantum processor architecture. 

In the past few years, self-assembled semiconductor QDs 1 
have been considered as one of the most promising solid 
state hardware routes for implementing quantum computation 
(QC) 2 i 3 ' 4 ' 5 ' 6 ' 7 ' 8 . Self-assembled QDs are characterized by dif- 
ferent properties, dependent upon whether they are stacked or 
in-plane. In the stacked arrangement, the QDs tend to be no- 
ticeably different in size due to the strain propagation, which 
makes them good candidates for energy-selective addressing 
of excitations in single QD a 2 ' 3 ' 8 . In-plane QDs can already 
be produced with fairly uniform size (with just a few percent 
size variation), driven by the crucial uniformity requirements 
for QD-based lasing 11 . Furthermore, ID QD chains with con- 
trollable QD size and density have been recently grown^ and 
regular 2D and 3D QD arrays can be now produced 13 , creat- 
ing real optimism for future QD technology. For QC, the key 
feature of QD hardware is the possibility of optically driven 
quantum evolution, which could enable useful quantum pro- 
cessing inside the relatively fast decoherence times typical of 
solid state systems. In order to implement such QC schemes, 
arrays of vertically stacked quantum dot s - 2 ' 3 ' 4 ' 5 ' 7 ' 8 have been 
proposed as quantum registers. However, for practical reasons 
it is clear that an individual stacked array cannot be scaled to 
an arbitrarily large qubit number. For actual technology, an 



architecture is needed in which stacked registers of practical 
size are connected together, preferably in a way that is com- 
patible with the manufacture of the registers themselves - and 
this is what we propose in this paper. We exploit recent re- 
sults showing the feasibility of quantum communication be- 
tween separated quantum registers, based on quantum buses 
made from chains of in-plain quantum dots and the properties 
of relatively short spin chains 10 . Our proposed architecture 
and how is used is described in the next section; we discuss 
the fidelity of its operation in Section[IIIl and conclude in Sec- 
ton|IV] 



n. THE ENTANGLEMENT DISTRIBUTOR 

The key to our proposal is an entanglement distributor, an 
all-QD device for generating maximally entangled qubits on 
demand and distributing them to spatially separate regions. 
The system we envisage is shown schematically in in Fig. Q] 
Registers of stacked QDs are connected by entanglement dis- 
tributors consisting of in-plane chains of QDs. 

The entanglement distribution starts with the generation of 
a Bell state \ip) = 2- 1 / 2 (|00) + |11)) in QDA and QDB. 
For excitonic encoding, the computational basis is the absence 
(|0)i = \vac)i) and presence (|l)j = \X)i) of a ground state 
exciton in QDi. Due to strain propagation 1 the QD energy 
spectra differ in the vertical (stacked) direction, i.e. between 
QDA and QDB, between each dot in the buses (BAA and 
BAB) and its partner dot in the control array (CAA and CAB), 
and along each of the quantum registers QRA and QRB (as 
shown in Fig . [TJ . These energetically distinct dots may be ad- 
dressed by laser pulses of different frequency. Furthermore, 
since the excitons in vertically adjacent QDs have different 
energies, resonant Forster couplin g 14 ' 15 is strongly inhibited 
in this direction. The initial entangled state in QDA and QDB 
is generated by a two-colour laser pulse sequence^; this can 
be done on a picosecond time scale. The first pulse is a ir/2- 
pulse between the vacuum and ground state exciton in QDA. 
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FIG. 1 : Schematic entanglement distributor: Entangled excitons are 
produced in QDA and QDB, which are connected to in-plane dot 
quantum buses BAA and BAB respectively. The transfer is con- 
trolled by dot control arrays CAA and CAB, as indicated. The buses 
connect to dots QDC and QDD, which are located at the ends of 
the stacked registers QRA and QRB. These registers and the dot-pair 
(QDA, QDB) can be addressed by different laser spots, as shown. 



This is equivalent to a Hadamard operation Ha applied to an 
empty QDA, Hi\0)i = 2" 1 / 2 (|0) l + |l) 4 ). (Note, for later use, 
that = 2~ 1/2 (|0)i - |1)»).) The second laser pulse per- 

forms a C-NOT gate on QDB, flipping QDB conditional on 
the presence of an exciton in QDA, due to the direct Coulomb 
coupling 2 between these excitons. Clearly the roles of QDA 
and QDB can be interchanged. 

As mentioned above, in-plane QDs can be almost monodis- 
perse, so that we can assume adjacent QDs in each bus (BAA 
and BAB) and each control array (CAA and CAB) are very 
similar. This means that resonant Forster energy transferii^ 
takes place along the buses shown in Fig. Q] In addition, the 
relative stacked position of bus and control arrays allows us 
to address the control arrays CAA and CAB (i) separately and 
(ii) without exciting excitons also in the corresponding bus ar- 
rays. Finally, the length of the bus arrays is made greater than 
the laser wavelength(s), so the central coupled QD pair (QDA 
and QDB) and the two quantum registers QRA and QRB can 
each be addressed with independent laser spots, as illustrated 
in Fig.Q] 

Once generated, the entanglement needs to be distributed. 
The Hamiltonian for a chain of N QDs, with zero or one ex- 
citon in each dot, is given by 

N 



h = Y, E i\ i w\i 

i=l 
N-X 

+ 53(V r CT , i+ i|l) i <0| i ®|0) i+ i(l| i+ i+/i.c.), (1) 



where Vpi^+i is the Forster coupling . This Hamiltonian 
governs the transfer of the entangled pair from QDA(B) to reg- 
ister QRA(B). For uniform in-plane chains, we shall assume 
that Ei is independent of i and Vpi,i+i = Vf. The complete 
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FIG. 2: The entanglement distributor: (1) The bus arrays BAA and 
BAB are set off resonance through the creation of an exciton in each 
control array (CAA and CAB) QD. (2) The entangled pair is created 
in QDA and QDB. (3) The bus arrays BAA and BAB are set on reso- 
nance through the annihilation of the excitons in control arrays CAA 
and CAB. (4) The entangled qubits propagate down the buses. (5) 
When the qubits reach QDs QDC and QDD, the bus arrays BAA and 
BAB are again set off resonance through the creation of an exciton 
in each control array (CAA and CAB) QD. (6) The entanglement is 
delivered to the registers QRA and QRB. 



process of generating and distributing a maximally entangled 
qubit pair is shown in Fig.|2j panels (1) to (6). 

In the first step (panel (1)) the bus arrays BAA and BAB 
are set off resonance with respect to excitations in QDA and 
QDB, by generating an exciton in each QD in the control ar- 
rays CAA and CAB. This multiple-excitation process, done 
with a single laser pulse, is not straightforward, and care must 
be taken when considering the system parameters. In our case 
E{ 3> Vf in Eq.[T]and the Hamiltonian has a series of eigen- 
state manifolds, each of which corresponds to a different to- 
tal exciton number for the chain. The typical energy range 
covered by each manifold is on the order of Vf- Excitons 
are created in the dots by applying pulses centred on energies 
hw c A and hio C B that correspond to the Ei for each chain. The 
coupling between laser and each individual dot is ft (which 
determines the Rabi frequency of the exciton creation pro- 
cess). For creation of an exciton on each dot ft 3> Vf; in 
this case ft becomes the dominant energy in the system and 
the dots behave as though they are uncoupled (to first order). 
We show how the population of the ground state of a 5-QD 
chain, and the population of the state with an exciton on all 
dots of a 5-QD chain varies as a function of time, and Rabi 
frequency, in Fig. [3] Notice that, for realistic Forster cou- 
plings (Vf =0.2 meV 15 ), it is possible to drive the desired 
control-array dynamics 00000} «-> |XXXXX) with very high 
accuracy on a sub-picosecond time scale. 
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H=0.01 meV 

f2=0.1 meV 

fj=1 meV 

fi= 10 meV 



FIG. 3: Population of the ground state (| 00000)) and state with an 
exciton on every QD (|XXXXX)) in a 5 QD chain, for various values 
of dot-laser coupling SI. Vf =0.2 meV for all plots. 



The excitons created in the control bus couple to the exci- 
tonic transitions in BAA and BAB, causing a biexcitonic en- 
ergy shift AExx and effectively detuning them from reso- 
nance with respect to QDA and QDB. This shift can be tai- 
lored up to several meV 2 , inhibiting Forster processes be- 
tween QDA (QDB) and the QDs forming the bus BAA (BAB). 
This inhibited dynamics is shown in Fig. |4] When bus BAA 
is off resonance, due to the excitons in control array CAA, an 
initial state of an exciton in QDA (with bus BAA empty) re- 
mains in that state with at least 99% probability as it evolves, 
for a ratio AExx/Vf = 20. This ratio could be achieved 
with a shift of 4 meV and a Forster coupling of 0.2 meV, so 
very good confinement of an exciton is possible for practical 
parameters. 

The second step (panel 2) is to generate a maximally en- 
tangled pair of excitons, one in QDA and one in QDB. Since 
QDA and QDB are stacked QDs, they can be individually ad- 
dressed using sub-ps laser pulses of different color, and cre- 
ation of the required state proceeds through Hadamard and 
C-NOT gates as we discussed earlier. Owing to the confine- 
ment discussed above, the entangled excitons do not propa- 
gate along the buses. 

In the third step (panel 3), the bus arrays BAA and BAB 
are again set into resonance with the excitations in QDA and 
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FIG. 4: Overlap between the evolution of the state (QDA + bus BAA 
+ QDC) and its initial state, corresponding to (one exciton in QDA + 
empty bus BAA + empty QDC), calculated at time t = t a , at which 
such an overlap is minimum. This is plotted as a function of the 
ratio (biexcitonic shift/Forster coupling), the dimensionless shift in 
the excitonic transition of a QD in the bus BAA due to the presence of 
an exciton in the corresponding QD in control array CAA. Inset: The 
time evolution of the overlap for a ratio of 20, for the cases of five 
(thin line) and seven (thick line) QDs in (QDA+B A A+QDC ) . The 
difference in chain length only has an effect after several oscillations, 
and this is typical for a dimensionless shift S> 1. Point 'a' marks the 
minimum used in the main figure for calculating the overlap. 



QDB. This is done by recombining the excitons in each QD 
in the control arrays by the same laser pulses as those used in 
step 1 . Now the entangled excitons in QDA and QDB are free 
to travel along BAA and BAB, respectively (panel 4); the time 
evolution follows the dynamics of relatively short chains de- 
scribed in Ref. 10 and governed by Eq. ([1]). In plane QDs have 
nearest-neighbor couplings that are typically un-modulated. 
Chains of such QDs can be used for state transfer, and this 
avoids complexity and adds to the practicality of our scheme; 
the dynamics of exciton transfer down these chains has been 
studied in Ref IDA. These dynamics are characterized by a 
series of resonances, corresponding to different fidelities of 
the transfer, the very first of which has a fidelity greater than 
94% for the chains required for our entanglement distributor 
(which is less that 10 QDs long). The actual transfer time 
depends on the strength of the Forster coupling between in- 
plane QDs, and it is foreseen that such QD structures can be 
optimized to have a Forster coupling of the order of a meV— 
- and hence a time of transfer between QDA(B) and QDC(D) 
of the order of a picosecond 10 . For the example discussed ear- 
lier (where Vf = 0.2 meV) the transfer time is still less than 
10 ps for a bus with 9 QDs. We underline that this transfer 
time is, on the one hand, much longer than the characteris- 
tic time corresponding to the control-array dynamics (whose 
population/de-population can therefore be viewed as instanta- 
neous), but on the other hand it is still much shorter than the 
relevant decoherence times (of the order of a nanosecond), al- 
lowing for the possibility of further manipulations. 

When the time elapsed is equal to the transfer time 10 , the 
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two entangled excitons will be in QDC and QDD, i.e. at the 
bases of the two different quantum registers QRA and QRB. 
Using laser pulses to once again set the buses BAA and BAB 
out of resonance with respect to QDA, B, C and D, will con- 
fine the two entangled excitons in QDC and QDD, (panel 5). 
Thus the entangled pair has now been distributed to spatially 
separated regions, which can be addressed separately, e.g. by 
using laser pulses. Using optical control, quantum operations 
can be performed on such a pair (panel 6) and the entangle- 
ment can be transferred to different degrees of freedom, e.g. 
other excitons, spatially distinguishable photons, or electronic 
spins. These may be characterized by much longer decoher- 
ence times than the original excitons. 

As an example of this transfer, we outline how a qubit en- 
coded in the exciton basis in a QD can be swapped into the 
spin of an excess electron in an adjacent Pauli-blockade QD. 
In terms of the spin, the qubit computational basis is |0) = | |) 
and |1) = | J,). In a Pauli-blockade QD 8 a suitably polar- 
ized optical 7T— pulse will create (or remove) an exciton con- 
ditional on the spin state of the excess electron, so, for exam- 
ple, a qubit with its ancillary exciton state is represented as 
0) = | 'I, vac) and |1) = | i,X) in such a QD after condi- 
tional creation. If such a QD is adjacent to another QD (QDC 
or QDD in our scheme) containing an excitonic qubit, a two- 
qubit gate equivalent to a controlled-phase gate (which flips 
the sign of the |11) computational basis amplitude and leaves 
the others alone) can be achieved 8 using the biexcitonic shift, 
through conditional creation of an exciton for a chosen time. 
We denote this gate by where i labels the dot C or D and j 
labels the appropriate adjacent Pauli-blockade QD containing 
the spin qubit. If this latter qubit is set to a known initial state, 
say |0), a SWAP (denoted by SV,) between the two qubits can 
be achieved through two C-NOT gates, which decomposes to 
Sij — 11,1',, II, II , I , II , . Through this gate sequence an ex- 
citonic qubit that has been distributed to QDC or QDD can be 
swapped into a (relatively) long-lived spin qubit in an adja- 
cent QD. We note that the two Hadamard operations Hj have 
to be performed on the spin qubit. However, fast optical tech- 
niques exist for performing such gates^&, so in principle the 
whole SWAP operation can be done on a fast optical/excitonic 
timescale (i.e. no more than a few ps), to mediate against the 
effects of decoherence acting on the excitons. 



III. FIDELITY OF THE DISTRIBUTION PROCESS 

From a practical quantum processing perspective, the swap- 
ping of the entangled qubits into spins, to create a long-lived 
entangled resource, is very important. The fidelity of our dis- 
tribution scheme is set by a product of factors. First, the chain 
transfer fidelity of 94%, second the control chain blocking fi- 
delity of around 99%, third, the SWAP gate fidelity - which 
can also be greater than 99 % — - and fourth, the natural de- 
coherence of excitons due to spontaneous emission of pho- 
tons, or exciton-phonon interactions 17 . The decoherence of 
excitons in QDs consists of two main features: an initial sub- 
picosecond pure dephasing (caused by the excitons' interac- 
tion with acoustic phonons), followed by a decay of the rem- 



nant polarization that decays through exciton recombination. 
(See Refs^^r^ andS and for a comprehensive description 
of these effects and a comparison of experimental data with 
theory). 

However, for the purposes of our discussion, we will take 
the exciton recombination to be the principal source of de- 
phasing. This is for two main reasons. First, The value of 
the residual polarization strongly depends on temperature and 
material parameters but is generally much larger than the lost 
polarization. Second, the initial decay corresponds to the for- 
mation of exciton-phonon dressed states, and we could rede- 
fine our qubit to correspond to one of these. This would effec- 
tively eliminate the fast initial decay. 

We estimate that the total time for one entanglement dis- 
tribution operation is no more than 20 ps, whereas the exciton 
decay time is about 1 ns^i (giving a 'natural' fidelity of around 
99%). Thus, an estimate of the overall fidelity of distribution 
is 91%. Such a good fidelity is certainly adequate for initial 
experimental investigations. It could be used to demonstrate 
teleportation and it might even be useful in certain few-qubit 
applications, which are run probabilistically with rather lim- 
ited qubit resources. However, for practical quantum process- 
ing and a scalable processing architecture, very high fidelity 
entanglement is desirable. This could be achieved by purifi- 
cation 25 . A number of good fidelity pairs can be distilled to 
a smaller number of higher fidelity pairs using local qubit op- 
erations. This is feasible if distributed excitonic entanglement 
is mapped into long-lived spin entanglement prior to purifi- 
cation, as we propose. Building up the entanglement resource 
off-line and using it to link together separate parts of the quan- 
tum device clearly has a practical advantage over trying to 
propagate a computation directly from one register to another, 
since it prevents errors caused by imperfect gate operations. 



IV. SUMMARY AND CONCLUSION 

We have presented a practical all-quantum-dot architecture 
for quantum information processing. The key ingredient to 
this is an entanglement distributor, which provides a resource 
of distributed entangled states on demand. This enables the 
connection of stacked QD processors, of modest and practical 
size, to form a larger quantum processor. Entangled exciton 
states are transported to different regions of a semiconductor 
based quantum information device using chains of in-plane 
QDs, at which point they can, for example, be swapped into 
long-lived spin qubits, or used to create entangled photons. 
The fidelity of the distributed entanglement is good, and could 
be further increased through purification. Such entanglement 
is a generic and flexible resource. For example, it could be 
used for teleportation of quantum states, to enable distributed 
quantum gates, or to build distributed cluster states 26 , so it 
can be utilised in a variety of approaches to quantum process- 
ing. Our QD-based entanglement distributor should integrate 
with and thus enhance many of the current QD-based quan- 
tum information technology proposals. Given the impressive 
progress with QD structure s - 11 ^ 3 , entanglement distribution 
forms a realistic experimental goal in the relatively short term 
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and a route to scalable solid state QC in the long term. 
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